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strate is then isotropically etched to form a vertical axial surface 
surrounding the channel. The resultant needle has an elongated 
body formed of a semiconductor material. The elongated body 
includes an axial surface positioned between a first end and a 
second end. The axial surface defines a channel between the 
first end and the second end. In one embodiment, the first end 
has a sloping tip with a single circumferendal terminadon poinL 
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METHOD OF FORMING VERTICAL, HOLLOW NEEDLES WITHIN A 
SEMICONDUCTOR SUBSTRATE 



BRIEF DESCRIPTION OF THE INVENTION 

This invention relates generally to the fabrication of needles. More 
particularly, this invention relates to a technique of forming vertical, hollow needles 
within a semiconductor substrate. 



5 BACKGROUND OF THE INVENTION 

Traditionally, needles have been formed with stainless steel. Recently* 
techniques for forming needles from semiconductors have been disclosed. Several 
techniques for fabricating needles within a semiconductor substrate have formed the 
needles in the horizontal plane of the semiconductor substrate. For example, the 

10 technique of U.S. Patent 5,928,207, invented by Albert P. Pisano and Kyle S. 

Lebouitz, and entitled "Microneedle with Isotropically Etched Tip, and Method of 
Fabricating such a Device'\ uses isotropic etching to form microneedles in the 
horizontal plane of a semiconductor substrate. This patent, which is assigned to the 
assignee of the present application, is incorporated by reference herein. 

1 5 Another semiconductor fabrication technique for forming needles is disclosed 

by Neil H. Talbot, Christopher G. Keller, and Albert P. Pisano, in their U.S. Patent 
Application Serial Number 09/044,398, filed March 18, 1998, entitled ''Apparatus and 
Method for Fabricating Needles Via Conformal Deposition in Two-Piece Molds''. 
This technology forms a needle via conformal deposition within a horizontally- 

20 oriented chamber defined by a two-piece mold. 

Kyle S. Lebouitz and Albert P. Pisano also developed a matrix of isotropically 
etched tips forming an "'abrader" used to abrade epidermis and thereby facilitate 
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transdermal drug delivery. This technology is described in U.S. Patent Application 
Serial Number 09/106,991, filed June 29, 1998, entitled "Transdermal Probe with an 
Isotropically Etched Tip, and Method of Fabricating such a Device". This patent 
application, which is assigned to the assignee of the present application, is also 
S incorporated by reference herein. The structure disclosed in the patent application is 
formed using only isotropic etching. The structure does not have through holes. 
Ftirther, the structure is not cut into individual needles, as the matrix is used as a single 
structure forming an abrader. 

A related transdermal drug delivery device is disclosed by S. Henry, et al., in 

1 0 "Microfabricated Microneedles: A Novel Approach to Transdermal Drug Delivery," 
Journal of Pharmaceutical Sciences, Vol. 87, No. 8, pp. 922-925, 1998. This 
publication discloses an array of solid needles that may be used for transdermal drug 
delivery. An improvement upon this technology is described by several of the same 
authors in V.D. McAlister, et al., "Three-Dimensional Hollow Microneedle and 

1 S Microtube Arrays/' Trandsducers '99 Conference Proceedings, pp. 1 098-1 101, 
Sendai, Japan, 1999. The array of needles described in this publication have interior 
channels. The authors describe how the disclosed arrays can be used for drug delivery 
or controlled micro-combustion applications. 

Despite irecent advances in the fabrication of semiconductor-based needles, 

20 there still exits a need for improved needle formation techniques. For example, it 
would be desirable to provide a technique for forming needle walls with various 
vertical slopes. It would also be desirable to provide a technique for forining needle 
tips with a variety of shapes. 

25 SUMMARY OF THE INVENTION 

A method of forming a needle includes the step of anisotropically etching a 
channel into the back side of a semiconductor substrate. The front side of the 
semiconductor substrate is then isotropically etched to form a vertical axial surface 
surrounding the channel. The resultant needle has an elongated body formed of a 
30 semiconductor material. The elongated body includes an axial surface positioned 
between a first end and a second end. The axial surface defines a chaimel between the 
first end and the second end. 

2 
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The invention provides a variety of techniques for altering the shape of the 
fabricated needles. For example, a combination of anisotropic and isotropic etching is 
used to produce needles with steep vertical walls, while isotropic etching alone is used 
to produce needles with sloping vertical walls that terminate in wide bases. The wide 
5 based embodiments operate to withstand relatively large lateral forces. The mask 
displacement technique of the invention can be used to form a sloping tip with a single 
circumferential termination point. 

BRIEF DESCRIPTION OF THE DRAWINGS 

1 0 For a better understanding of the invention, reference should be made to the 

following detailed description taken in conjunction vnth the accompanying drawings* 
in which: 

FIGURE 1 illustrates processing steps performed in accordance with an 
embodiment of the invention. 
1 5 FIGURES 2a-2h provide cross-sectional views of the fabrication of a vertical, 

hollow needle in accordance with an embodiment of the invention. 

FIGURE 3 is an enlarged cross-sectional view of a vertical, hollow needle with 
a funnel region constructed in accordance with an embodiment of the invention. 

FIGURE 4 is a top view of a matrix of vertical, hollow needles formed in a 
20 semiconductor substrate in accordance with an embodiment of the invention. 

Like reference numerals refer to corresponding parts throughout the drawings. 

DETAILED DESCRIPTION OF THE INVENTION 
Figure 1 illustrates processing steps 20 performed in accordance with an 

25 embodiment of the invention. The first processing step illustrated in Figure 1 is to 
prepare a wafer (step 22). By way of example, the starting material may be a <100> 
silicon wafer that is 500 to 550 nm thick, and which is polished on both sides. The 
wafer is cleaned using standard techniques. The wafer is then oxidized, for example, 
using a horizontal atmospheric pressure reactor at a temperature of 1 100** C, to form an 

30 approximately 2.0 ^m layer of oxide on the back side and front side of the wafer. 
Figure 2a illustrates a wafer 24 with a front side oxide layer 26 and a back side oxide 
layer 28. 



3 
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The next processing step shown in Figure 1 is to pattern the back side of the 
wafer (step 30], The back side of the wafer is patterned using photolithography in 
order to define the outline of the back side opening of the channel within the needle. 
By way of example, the photoresist may be a 1.3 fim layer of Shilpley S3813 multi- 
5 wavelength positive resist, which is exposed, developed, and then hard baked for 
approximately 30 minutes. The back side oxide layer 28 is then plasma etched, for 
example, using CF4/CHF3. This results in the structure of Figure 2b. Figure 2b 
illustrates a back side oxide layer 28 and a photoresist layer 30 with a channel aperture 
31 formed therein. 

10 The back side of the semiconductor substrate is then etched to form a channel 

(step 32). A hole with straight walls is produced using anisotropic Deep Reactive Ion 
Etching (DRIE). The process is stopped at the front side oxide layer 26 or at some 
small distance (e.g„ 10 ^m) before the oxide layer 26. This results in the structure of 
Figure 2c. Figure 2c illustrates a channel 36 formed within the semiconductor 
1 5 substrate 24. Observe that the channel 36 is formed vertically within the substrate 24. 

In an alternate channel formation operation, a channel with a funnel region is 
formed. The funnel region is formed by gradually increasing the passivation time 
relative to the etch time of the DRIE. This results in a reduction in the dimension of 
the channel as the etch goes deeper into the semiconductor substrate 24. Figure 3 
20 illustrates a channel 36 with a funnel region 38 formed in accordance with this 
technique. Those skilled in the art will recognize other techniques for forming the 
funnel region 38. For example, one can exploit the fact that the etch rate in small 
holes is much less than the etch rate in wide holes. Therefore, a set of openings with 
shrinking diameters can be arranged around a channel. An anisotropic DRIE will etch 
25 further at the large openings than at the small openings. An isotropic DRIE may then 
be used to smooth the transitions between stepped etched layers, thereby producing a 
sloping funnel region. 

A final operation associated with the back side etch of step 32 is to grow an 
oxide layer on the wall of the channel to protect the channel during subsequent 
30 processing steps. Figure 2d illustrates a channel oxide layer 42 covering the wall of 
the channel 36. 



4 
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The next processing step illustrated in Figure 1 is a front side photolithography 
pattern (step 40). The front side pattern defines the outer perimeter of the needle, as 
viewed from on top of the needle. By way of example, the photoresist may be a 1.3 
\im layer of Shilpley S3813 muhi-wavelength positive resist which is exposed. 

5 developed, and then hard baked for approximately 30 minutes. The oxide is then 
plasma etched, for example, using CF4/CHF3. This results in the structure of Figure 
2e, which illustrates an etched oxide layer 26 and a front side photoresist layer 43. 

The next processing step is to etch the front side of the semiconductor substrate 
to form a vertical needle (step 44). The needle is created by isotropically under 

10 etching the pattern defined by the etched oxide layer 26 and front side photoresist layer 
43. An isotropic deep reactive ion etch (DRIE) of the photoresist/oxide mask is 
performed to a depth of approximately 200 ^m. The isotropic etching forms smooth 
side walls sloping from a narrow circumference tip to a wide circumference base. 

To alter the shape of the needle, the isotropic DRIE may be preceded with an 

15 anisotropic etch. In this case, the upper shaft of the needle becomes very steep. In 
other words, a unifoim slope between the base and tip is replaced with a relatively 
steep transition into the tip. Thus^ the isotropic etching step may include an initial 
anisotropic processing step to form a relatively steep vertical axial surface for the 
needle. 

20 The resultant device at this processing point is illustrated in Figure 2f Figure 

2f illustrates isotropically etched sidewalls 46 formed within the substrate 24. The 
structure of Figure 2f has a channel end 50 (Figure 2g) which is uniform around its 
circumference within a horizontal plane. A tapered channel end may also be formed in 
accordance with the invention. More particularly, a sloping tip with a single 

25 circumferential termination point may be formed in accordance with the invention. 
Such a tip is shown in Figure 3. 

This structure may be formed by dislocating the centerline of the channel mask 
on the back side of the semiconductor substrate from the centerline of the needle mask 
on the front side of the semiconductor substrate. Figure 3 illustrates a channel mask 

30 center line 5 1 displaced from a needle mask center line 49 by a distance A. This offset 
produces non-symmetrical etching, which produces a sloping tip with a single 
circumferential point 54, as shown in Figure 3. 

5 
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The next processing step shown in Figure 1 is to strip the wafer (step 58). This 
entails removing the oxide, for example, using 5:1 BHF. The wafer is then rinsed and 
dried, resulting in the structure of Figure 2g. 

The wafer may then be cut (step 60). Figure 4 illustrates a top view of a 
5 semiconductor substrate 24 including a set of channel apertures 50 associated with a 
set of fabricated needles 70. The figure also illustrates horizontal scribe lines 62 and 
vertical scribe lines 64 along which the wafer 24 is cut to form individual needles 70. 
Figure 2h illustrates an individual needle 70. The needle 70 includes a channel 36 
defined between a front side channel aperture 50 and a back side channel aperture 52. 
10 The channel 36 is defined by a vertical axial surface 53 surrounding the channel 36. 
The vertical axial surface 53 is vertical vsdth respect to the horizontal substrate surfaces 
that are etched to form the needle 70. Observe that the isotropic etching forms a 
smoothly sloping side wall 46 between the tip 50 and the relatively wide vertical base. 

In many prior art devices the needle is formed in the horizontal surface of a 
1 5 substrate. Thus, for example, a top view of the substrate would show the axial shapes 
of the needles horizontally formed within the substrate. This configuration limits the 
number of needles that may be formed within the substrate. In contrast, with the 
present invention a top view of the substrate, as provided in Figure 4, shows only the 
tips 50 of the needles 70, allowing for a relatively dense configuration of needles per 
20 substrate. 

The exemplary processing disclosed in connection with Figure 1 results in 
needles with a vertical height of approximately 200 \im and a channel diameter of 
approximately 25 ^m. Naturally, other needle sizes may be implemented in 
accordance with the invention. 

25 The disclosed needles are advantageously exploited in a variety of biomedical 

applications. The pointed tips allow them to easily penetrate materials, such as skin. 
The inner channel of the hollow needles can be used to either inject gases, fluids, 
suspensions, or to extract gas or liquid that can be analyzed using an integrated device. 
An array of needles can also be used to pattern a structure with a liquid or with a 

30 suspension using specifically spaced channels. Furthermore, the device of the 
invention can be employed for instrumentation. In addition, it is possible to guide 
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electro magnetic waves through the inner channel. It should also be appreciated that 
the fabricated structure can be used as a mold for a molding process. 

The foregoing description, for purposes of explanation, used specific 
nomenclature to provide a thorough understanding of the invention. However, it will 
5 be apparent to one skilled in the art that the specific details are not required in order to 
practice the invention. In other instances, well known circuits and devices are shown 
in block diagram form in order to avoid imnecessary distraction from the underlying 
invention. Thus, the foregoing descriptions of specific embodiments of the present 
invention are presented for purposes of illustration and description. They are not 

10 intended to be exhaustive or to limit the invention to the precise forms disclosed, 
obviously many modifications and variations are possible in view of the above 
teachings. The embodiments were chosen and described in order to best explain the 
principles of the invention and its practical applications, to thereby enable others 
skilled in the art to best utilize the invention and various embodiments with various 

1 S modifications as are suited to the particular use contemplated. It is intended that the 
scope of the invention be defined by the following claims and their equivalents. 
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I 



WHAT IS CLAIMED IS : 

1 . A method of forming a needle, said method comprising the steps of: 
anisotropically etching a channel into the back side of a semiconductor 

S substrate; and 

isotropically etching the front side of said semiconductor substrate to form a 
vertical axial surface surrounding said channel. 

2. The method of claim 1 wherein said anisotropically etching step includes the 
1 0 step of deep reactive ion etching of said backside of said semiconductor substrate. 

3. The method of claim 1 wherein said anisotropically etching step includes the 
step of forming a chaiuiel with a funnel region. 

IS 4. The method of claim 1 wherein said isotropically etching step includes the step 
of initially performing an anisotropic etch to prbduce a relatively steep vertical axial 
surface. 

5. The method of claim 1 wherein said isotropically etching step includes the step 
20 of deep reactive ion etching of said front side of said semiconductor substrate. 

6. The method of claim 1 wherein said anisotropically etching step is performed 
with a first mask at a first center line on said semiconductor substrate, and said 
isotropically etching step is performed with a second mask at a second center line on 

25 said semiconductor substrate, said first center line being displaced from said second 
center line by a predetermined distance. 

7. The method of claim 1 further comprising the step of depositing oxide in said 
channel prior to said isotropically etching step. 

30 

8. A needle formed by the method of claim 1 . 
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9, A method of forming a matrix of needles, said method comprising the steps of: 
anisotropically etching channels into the back side of a semiconductor 

substrate; and 

isotropically etching the front side of said semiconductor substrate to form 
5 vertical axial surfaces surrounding said channels. 

1 0. The method of claim 9 further comprising the step of cutting said 
semiconductor substrate to produce individual needles. 

10 11. Needles formed by the method of claim 1 0. 

1 2. The method of claim 9 further comprising the step of utilizing said matrix of 
needles as a mold. 

IS 13. The method of claim 9 wherein said anisotropically etching step includes the 
step of anisotropically deep reactive ion etching. 

14. The method of claim 9 wherein said isotropically etching step includes the step 
of isotropically deep reactive ion etching. 

20 

1 5. A needle, comprising: 

an elongated body formed of a semiconductor material, said elongated body 
including an axial surface positioned between a first end and a second end, said axial 
surface defining a channel between said first end and said second end, said first end 
25 including a sloping tip with a single circumferential termination point. 

1 6. The needle of claim 1 5 wherein said axial surface defines a charmel with a 
funnel region. 

30 1 7. The needle of claim 1 5 wherein said semiconductor material is single crystal 
silicon. 



9 



wo 01/49362 



PCTAJSOl/00040 



20 



Prepare Wafer 



22 



I 



Back Side Pattern 



30 



I 



Back Side Etch to 
form Channel 



32 



I 



Front Side Pattern 



40 



I 



Front Side Etch to form h\ 
Vertical Needle 44 



I 



Strip Wafer 



58 



Cut Wafer 



60 



Figure 1 



1/4 



wo 01/49362 



PCT/USOl/00040 



24- - - - - ^ - - - - - - - ^ - »^ 



v. < 



■28 

Figure 2a 



21 J^^^^^^^-^^v^^^^ v^^^^ vv^^ 



Figure 2b 



26 



24- 



36 



V V V V V V w 




Figure 2c 




2/4 



43 



24. 



Ik 



36 

Figure 2e 



28 



26 



N V V 



■46 



36 

Figure 2f 



28 



24--^ 



50 



J 



36 



1 



\2 



■46 



Figure 2g 



50 



70 



53 




Figure 2h 



3/4 



wo 01/49362 




PCT/USOl/00040 



Figure 3 




o lP iOjOj^qj^q_ 

OiO|0|0|0|0 



0|0|_Oj_OjO 

oioio_i_020 
oi_oi_oji^oio 
O I O I o~o~o~ 



Figure 4 

4/4 



INTERNATIONAL SEARCH REPORT 



Int tlonal Appltestlon No 

PCT/US 01/00040 



A. CLASSIRCATION OF SUBJECT MATTER 

IPC 7 A61M37/00 



According to Inlemalional Patent Classification (IPC) or to both national classification and IPC 



B. RELDS SEARCHED 



Minimum documentation searched (classification system followed by dassif rcalion symbols) 

IPC 7 A61M 



Oocumentaiion searched other than minimum documentation to the extent thai such documents are included In the fields searched 



Electronic data base consulted during the international search (name of data base and. wttere practical search terms used) 

EPO-Intemal , INSPEC 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of docunnent. with indicalion. where appropriate, of the relevant passages 



Retevanltodalm No. 



wo 99 64580 A (GEORGIA TECH RES INST) 
16 December 1999 (1999-12-16) 

page 16, line 14 -page 18, line 29 

page 27, line 25 -page 29, line 6 

page 30, line 23 -page 31, line 9 



US 5 676 850 A (WEISS LEE E ET AL) 
14 October 1997 (1997-10-14) 
column 6, line 24 - line 54; figure 9 
column 5, line 5 - line 16; figure 13 

US 5 457 041 A (FACCIOTTI DANIEL ET AL) 

10 October 1995 (1995-10-10) 

column 8, line 52 -column 10, line 15 



1-5.7-14 



6,15 

1,2, 
7-11,14 



-/- 



m 



Further documents are listed in the continuation of box C. 



0 



Patent family memt>ers are listed In annex. 



" Special categories of cited documents : 

'A* document defining the general state of the art which is not 

considered to be of particular relevance 
'E* earlier document but published on or after the Internaiional 

fHing date 

•L* document which may throw doubts on priority claim(s) or 
which Is cited to establish the publication date of another 
citation or other special reason (as specified) 
document referring to an oral disdosure, use, exhibition or 
other means 

'P* document published prior to the International flDng date but 
later than the priority date claimed 



*T* later documenl published after the International filing date 
or priority dale and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

*X* document of particular relevance: the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

*Y* docurrwnt of parilcutar relevance; the claimed Invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person sldOed 
in the art 

'&* document member of the same patent famify 



Date of the actual completion of the international search 



27 March 2001 



Date of mailing of the International search report 



03/04/2001 



Name and nrudiing address of the ISA 

European Patent Office. P.6. 5816 Palentlaan 2 
NL-2280HV Riiswiik 
TeL (431-70) 340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



Petter, E 



Food PCT/ISA/210 {saeand sheet) CJuty 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Int ilonai Apptication No 

PCT/US 01/00040 



C.(Contlnuatlon) DOCUMENTS CONSIDEREO TO BE RELEVANT 



Category * Citatbn ot document, with indication .where appropriate, of ttie relevant passages 



Relevant to claim No. 



p.x 



HENRY S ET AL: "MICROFABRICATED 
MICRONEEDLES: A NOVEL APPROACH TO 
TRANSDERMAL DRUG DELIVERY" 
JOURNAL OF PHARMACEUTICAL 
SCIENCES, US, AMERICAN PHARMACEUTICAL 
ASSOCIATION. WASHINGTON, 
vol. 87, no. 8, 

1 August 1998 (1998-08-01). pages 922-925, 

XP000766846 

ISSN: 0022-3549 

cited In the application 

the whole document 

WO 00 74764 A (PROCTER & GAMBLE) 

14 December 2000 (2000-12-14) 

page 27, line 20 -page 31, line 5; figures 

18-26 



Fonn PCT/ISA/2t0 {cortlmialkin ol aeoond shaet) <July ifi92) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Information on patent family membert 



int (ional Application No 

PCT/US 01/00040 



Patent document 
dted in search report 



Publication 
dale 



Patent family 
member(s) 



PulMlcation 
date 



WO 9964580 



16-12-1999 



AU 



4561699 A 



30-12-1999 



US 5676850 A 14-10-1997 US 5569272 A 29-10-1996 

US 5312456 A 17-05-1994 

AT 169090 T 15-08-1998 

DE 69226384 D 03-09-1998 

DE 69226384 T 17-12-1998 

EP 0497620 A 05-08-1992 

JP 6323310 A 25-11-1994 

US 5457041 A 10-10-1995 NONE 



WO 0074764 A 14-12-2000 NONE 



Foim PCT/ISA/210 {pasant tamiy amnc) (JuV ISSe) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the apphcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
□^DED TEXT OR DRAWING 
d^BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



